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COMPUTER AIDED DESIGN OF WIRES EXTRUSION FROM BIOCOMPATIBLE Mg-Ca MAGNESIUM ALLOY

OPRACOWANIE ZA POMOCA MODELOWANIA NUMERYCZNEGO PROCESU WYCISKANIA CIENKICH PRETOW

Z BIOKOMPATYBILNEGO STOPU MAGNEZU, ZAWIERAJACEGO DODATEK Ca

Mathematical model of small-diameter wires extrusion from biocompatible MgCa08 (Mg — 0.8% Ca) magnesium alloy
was developed in the current paper in order to determine window of allowable technological parameters. Compression and
tensile tests were carried out within temperature range 250-400°C and with different strain rates to determine the fracture
conditions for the studied alloy. Finite element (FE) analysis was used to predict the billet temperature evolution and material
damage during processing. The extrusion model takes into account two independent fracture mechanisms: a) surface cracking
due to exceeding of the incipient melting temperature and b) utilization of material formability. FE simulations with different
initial billet temperatures and pressing speeds were performed in order to determine the extrusion limit diagram (ELD) for
MgCa08 magnesium alloy. The developed ELD was used to select the parameters for the direct extrusion of wires with diameter
of 1 mm. Then, the extrusion of twelve wires was conducted at 400°C with pressing speed 0.25 mm/s. It was reported that the
obtained wires were free from defects, which confirmed the good agreement between numerical and experimental results.
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W pracy zaproponowano model matematyczny procesu wyciskania pretéw o matych Srednicach z biokompatybilnego stopu
magnezu MgCa08 (Mg — 0.8% Ca). Na podstawie opracowanego modelu mozliwy jest dobor parametréw technologicznych
rozpatrywanego procesu. Model procesu wyciskania zawiera model do prognozowania utraty spdjnosci materiatu, ktéry zostat
opracowany w oparciu o préby speczania oraz jednoosiowego rozciggania w zakresie temperatur 250-400°C dla réznych pred-
kosci odksztalcenia. W oparciu o metode elementéw skoniczonych (MES) przeprowadzona zostala analiza numeryczna rozktadu
temperatury oraz wskaznika wykorzystania odksztalcalnos$ci materialu w procesie wyciskania. Zaproponowany model zawiera
dwa mozliwe mechanizmy utraty spdjnosci: a) wynikajacy z lokalnego przekroczenia temperatury topnienia, b) wynikajacy z
wyczerpania zapasu plastycznosci. W oparciu o przeprowadzong analize¢ MES procesu wyciskania dla réznych temperatur oraz
predkosci wyciskania opracowano diagram ELM (extrusion limit diagram) dla stopu MgCa08. Na podstawie opracowanego
diagramu ELM dobrano parametry procesu wyciskania pretéw o $rednicy 1 mm. Weryfikacje modelu procesu wyciskania dla
stopu MgCa08 wykonano w warunkach laboratoryjnych, gdzie przeprowadzono dwunasto zylowy proces wyciskania pretéw w
temperaturze 400°C i predkosci 0.25 mm/s. Otrzymane prety byly wolne od wad, co potwierdzito dobrag zgodno$¢ pomigdzy
wynikami numerycznymi i eksperymentalnymi.

1. Introduction their low formability, which can be attributed to hexagonal
closed-packed (HCP) crystallographic structure. It was report-

Biocompatible magnesium alloys are very promising ma-
terials for medical applications due to natural presence of
magnesium in human body, mechanical properties similar to
human bone and in vivo degradation via corrosion process
[1]. Due to its high corrosion rate in human body fluids, pure
magnesium cannot be used as a material for biodegradable
implants. However, degradation time can be modified by ad-
dition of calcium to magnesium alloys without decreasing its
biocompatibility [2, 3]. Biomechanical properties, biocompat-
ibility, in vivo and in vitro corrosion of Mg-Ca alloys were
studied in [4, 5].

Apart from the biocompatibility related issues, manufac-
turing implants from Mg-Ca alloys is still challenging due to
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ed for magnesium alloys that the main deformation mecha-
nisms at room temperature are slip on basal plane and twin-
ning. Temperature increase is required to activate additional
slip systems on prismatic and pyramidal planes [6, 7], which
give rise to ductility enhancement. For instance, wire draw-
ing of the examined MgCa08 alloy was successfully realised
at temperatures above 250°C [8, 9]. Determination of opti-
mal extrusion parameters is a difficult task. Influence of billet
temperature, pressing speed and extrusion ratio on the quality
of manufactured product is usually investigated [10, 11, 12,
13, 14]. Most of the available papers on magnesium extrusion
present results obtained for AZ31 wrought magnesium alloy,
which exhibits reasonably good formability [15]. The extru-
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sion of rods from MgCa08 was already carried out at elevated
temperatures [16]. It was shown that material is very sensitive
to variations in temperature and strain rate, e.g. increase in
the extrusion speed from 2 mm/s to 8 mm/s led to massive
material damage.

In [10], direct extrusion experiments were conducted in
order to investigate temperature and ram speed influence on a
surface cracking of extruded profiles and rods. It was shown
that increase in pressing speed causes heat rise due to fric-
tion. Conclusion was drawn that cracking occurs on profile
surface when the temperature reaches the incipient melting
point. In [11], billet temperature evolution as a function of
ram speed was studied. It was observed that increase in ex-
trude temperature varied linearly with logarithmic ram speed,
similar effect was reported in [13]. Presented results show that
pressing speed and billet temperature have strong influence on
extrude quality.

Finite element (FE) analysis is a commonly used tool to
simulate metal forming processes. It was used to predict tem-
perature evolution in extruding profile [11], extrusion force
[13], metal flow and weld seam formation in the porthole die
[12]. Simulations are usually preceded by mechanical tests of
compression, tension or torsion in order to determine flow
stress curves of examined material [17].

FE simulation can also be used to predict fracture occur-
rence during processing of magnesium alloys, this approach
was successfully applied for sheet metal forming [18] and
wire drawing [8, 19]. In [8], the material formability utiliza-
tion criterion was used to determine optimal drawing parame-
ters, similar approach was also presented in [20]. Multi scale
method was proposed for modelling fracture during cold wire
drawing [19]. Boundary element method was used to simulate
microstructure evolution and the solution was coupled with FE
simulation. According to the presented papers, development
of a complex ductility model is necessary to model fracture
behaviour of Mg alloys.

The aim of this work was to determine the window of
allowable extrusion parameters for MgCa08 magnesium al-
loy. The mathematical model of small-diameter wires extru-
sion was developed in order to determine the extrusion limit
diagram and select the extrusion parameters which allowed
obtaining wires free from defects. Two fracture criteria were
taken into account: exceeding of the incipient melting temper-
ature on a surface of extruded rod and utilization of material
formability. Direct extrusion of wires with diameter of 1 mm
was conducted in order to experimentally verify obtained nu-
merical results.

2. 2. Mathematical model of extrusion

Flow stress model for MgCa08 magnesium alloy was in-
troduced using Hansel-Spittel equation:

R m .
oy = Aexp (—myt) €™ E™ exp (—4) (1 + &)™ exp (m78) EM™' 1™,
e

(H
where: & — effective strain, & — effective strain rate, ¢t — tem-
perature, Aand m; — mg — empirical coefficients.

The proposed ductility model states that only limited
amount of strain, called critical deformation, can be intro-

duced to the material without damaging it. The fracture is not
observed as long as the effective strain is smaller than the
critical deformation:
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where: ¢ — ductility function, &, — critical deformation func-
tion.

Critical deformation was proposed as a function of stress
triaxiality k, = o/o, temperature ¢ and effective strain rate
£
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where: d|-ds — empirical coefficients.

It was assumed that two conditions must be satisfied to
avoid material damage during processing. Maximum value of
ductility function (2) is less than one and maximum calculated
temperature is less than the incipient melting temperature of
MgCa08 magnesium alloy, which is 516°C.

The solution of FE problem is based on the Norton-Hoff
constitutive law [21, 22] and is described in [23]. This law
is generally written in the form of relationship between stress
tensor ( o) and the strain rate tensor (&):

o=2k(V3e)" & O

The value of m = 1 corresponds to the Newtonian fluid with
a viscosity n = K, when m = 0 equation (4) is equivalent to
the plastic flow rule for a rigid-plastic material obeying the
Levy-Mises flow rule and the Huber-Mises yield criterion. In
the present paper the m value is strain rate sensitivity and
is equal to ms coefficient, determined using inverse analysis.
Relation between the yield stress and the constant K is:
o
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3. Experimental procedure

Tensile and compression samples were machined from
hot-extruded rod with diameter of 30 mm, the material used
was MgCa08 (Mg — 0.8% Ca) magnesium alloy. The dimen-
sions of tensile samples were 5 mm of diameter and 25 mm
strain gauge length. The diameter of compression specimens
was 8 mm and 10 mm height. Both experiments were carried
out on Zwick Z250 testing machine. Mechanical tests were
conducted with different tool velocities: 1 mm/s and 10 mm/s
within temperature range 250-400°C, as shown in TABLE 1.

TABLE 1
Tension and compression tests conditions
Sample temperature, Tool velocity,
Sample no. °C mm/s

1 400 10
2 1

300
3 10
4 1

250
5 10

Load-displacement curves obtained from compression
tests were used to identify empirical coefficients of the flow



stress model described by equation (1). Coefficients of the
critical deformation function (3) were determined from the
results of tension and compression. The maximum value of
the critical deformation was expected to occur in the fracture
initiation area. This area was localised on the basis of mechan-
ical test results. The FE models of tension and compression
were developed in order to identify values of strain, strain
rate, temperature and stress triaxiality in the fracture initiation
zone. Simulations were run in Forge3 commercial FE soft-
ware. Then, optimization procedure was used to identify the
empirical parameters of the flow stress and ductility models.
The identified models were implemented to Forge3 and
FE simulations of wires extrusion were run in order to deter-
mine the extrusion limit diagram (ELD) for MgCa08 magne-
sium alloy. The diagram enabled selection of the extrusion pa-
rameters, initial billet temperature and pressing speed, which
ensured fracture avoidance. The process was realised on the
hydraulic press with load capacity 500 kN. Therefore, another
constraint was that the maximum extrusion force should have
not exceeded this value. Direct extrusion of wires 1 mm diam-
eter was conducted in order to verify FE simulation results.

4. Mechanical tests results

Tensile and compression tests were run to failure in or-
der to identify the fracture initiation point in the samples. The
experimental and numerical results showed that first cracks
are observed in the middle of the tensile sample and on the
edge of the cylindrical compression sample. The results ob-
tained from experiments enabled to identify conditions of the
material damage for negative and positive stress triaxialities,
respectively. The maximum values of calculated local fracture
strain were 1.9 in compression and 2.5 in tension. The stress
triaxiality varies from 0.6 to -1.2 for different tests. The maxi-
mum local strain rate at failure was calculated for compression
at 400°C and was equal to 5 s~!. The results obtained from the
mechanical tests and corresponding FE simulations are shown
in TABLE 2.

TABLE 2
Results obtained from mechanical test and corresponding FE
simulations

Stress triaxialit y | Strain rate
t, v, at fracture, at fracture,
°C | mm/s - s

C T C T C T
400 | 10 1.9 2.5 -1.2 0.6 5 3.6

Fracture strain,

300 1 1.56 2.35 -0.6 0.6 05 | 0.8
10 1.56 1.18 -0.6 0.58 33 | 38
250 1 1.7 0.66 -0.8 0.5 09 | 0.1
10 0.87 0.41 -0.57 0.35 3 |0.66

C — compression, T — tension, t — temperature, v — tool velocity
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5. Optimization procedure

5.1. Flow stress model

The compression tests results were used to identify pa-
rameters of the flow stress model. The Hooke-Jeeves algo-
rithm was used to minimize the objective function, defined
as root mean square error between the load curves obtained
from experiment and predicted by FE simulation. Friction
factor in simulation was equal to 0.1. Coeflicients of equa-
tion (1), determined using the optimization method, are as
follows: A =405.85; m; =-0.00826428; m, =-0.0281807;
msy  =0.020492; my =-0.0114059; ms =0.00521939;
m7; =-0.69316; mg =0.0001636; mg =0.192958. Figure 1
shows the comparison between the load curves obtained from
compression tests and their prediction calculated in Forge3.

30
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Force, kN

25

= Experimental result
20 1

——FEM prediction
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Displacement, mm

Fig. 1. Force-displacement curves obtained from compression tests
1-4 and their prediction calculated using flow stress given by equation
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5.2. Ductility model

The generalized reduced gradient algorithm for nonlinear
problems implemented in MS Excel Solver was used to de-
termine the empirical coefficients of the critical deformation
function. According to equation (3), the ductility function in
a fracture initiation zone should be equal to or greater than
one to correctly predict the material damage. Therefore, the
objective function was defined using the following equation:

I
<1>—n;<1 v, (6)

where: ; — value of ductility function in fracture initiation
zone obtained from FE simulation, n — number of measure-
ments.

The empirical coefficients of equation (3) are as follows:
dy =0.04611; d, =0.4759; d3 =0.01265; d4 =-0.07009. Com-
parison between the real fracture strain obtained from experi-
ments and the ductility model prediction is shown in Figure 2.
Test numbers correspond to the results presented in Table 1.
Total percentage error between real and calculated values was
7.8%. The overestimation of predicted critical strain was ob-
served for sample compressed at 400°C. It was caused by sig-
nificant ductility increase along with temperature rise, which
was difficult to capture in optimisation procedure. Neverthe-
less, this sample did not undergo massive shear damage as
it was observed for specimens tested at lower temperatures.
Therefore, it can be concluded that the model can still give
reasonable prediction of material ductility at 400°C.
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Fig. 2. Comparison between the critical strain values obtained from
the experiments and FE simulations: (a) compression tests; (b) tensile
tests

Figure 3 shows the comparison between results obtained
from FE simulation and tensile test carried out at 300°C with
tool velocity 1 mm/s. The model predicted that ductility func-
tion value was greater than one when total tool displacement
reached 22 mm (Fig. 3a). During experimental testing the sam-
ple fractured at displacement 22.5 mm (Fig. 3b).
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Fig. 3. Tensile test at 300°C with tool velocity equal to 1 mm/s: (a)
ductility function; (b) fractured specimen.

B

The relationship between critical deformation function
and temperature is shown in Fig. 4a. Critical deformation rais-
es along with temperature increase, therefore, probability of
fracture occurrence decreases. Large strain, which is usually
observed in extrusion process, can be introduced to materi-
al without damaging it at temperature as high as 350-400°C.
Therefore, there is no point in running simulations of extrusion
process for temperatures lower than 350°C. Figure 3b shows
the influence of stress triaxiality on critical deformation. It
is apparent that in the zones where tensile stress dominates,
which is equivalent to positive value of stress triaxiality, ma-
terial is more prone to damage comparing to negative stress
triaxiality zones.
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Fig. 4. Critical deformation for different temperatures (a), stress tri-
axialities (b) and strain rates

6. FE simulation of extrusion
6.1. Model details and experimental plan

The identified flow stress and ductility models were used
in Forge3 to perform FE simulations of wires extrusion. The
ductility model was implemented into Forge3 using FOR-
TRAN user subroutines. Current values of temperature, ef-
fective strain, effective strain rate and flow stress can be ob-
tained directly as predefined FORTRAN variables. Flat die
with twelve orifices 1 mm diameter was proposed for the
process, as shown in Figure 5. The billet from MgCa08 was
40 mm long with diameter of 30 mm. Friction between billet
and dies was described using Tresca friction law with friction
factor equal to 0.5. Due to the model symmetry only 1/12 part
of the model was calculated, which allowed reducing compu-
tation time significantly.

(@) g e ©
Fig. 5. The die used in the FE simulation of extrusion process:
a) 3D model; b) top view; c) broken-out section (all dimensions are
in mm)

The goal of the performed FE analysis was to identify the
window of allowable extrusion parameters of small-diameter
wires extrusion. The influence of initial billet temperature and
pressing speed on material ductility and force needed to con-
duct the process was studied. Simulations were run with ini-
tial billet temperatures: 350, 400, 450°C and pressing speeds:
0.25, 0.5 and 1 mm/s, which gives nine simulation variants in
total.

6.2. Extrusion limit diagram

The FE simulation results were used to determine the
extrusion limit diagram (ELD) for MgCa08 magnesium alloy.
The maximum value of ductility function and the maximum
temperature on billet surface were obtained from every sim-
ulation. Those values were plotted on the diagram shown in
Fig. 6. Solid and hollow marks show the values of ductility
function and maximum billet temperature, respectively. More-
over, solid line which indicates the formability limit (ductility
function equal to one) and dashed line showing the incipient
melting point equal to 516°C were plotted.

It is apparent from Figure 6 that the maximum local val-
ue of ductility function was less than one for four from nine
investigated variants. Extrusion can be carried out at 450°C
with pressing speed 1 mm/s but processing at 400°C requires
lowering velocity to 0.25 mm/s. It was predicted that con-
ducting the process at 350°C leads to material damage. The
maximum temperature did not exceed the melting point in any
of the performed simulations; it reached 476°C during press-
ing with 1 mm/s at 450°C. The risk of local material melting
is smaller than fracture occurrence due to limited ductility of
MgCa08 at investigated temperatures. Generally, extrusion of
small-diameter wires is possible to realise at 400°C with low



pressing speed and temperature increase is required to speed
up the process and improve efficiency.
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Fig. 6. Extrusion limit diagram for MgCa08 magnesium alloy. The
solid marks represent the ductility function and the hollow marks
show the maximum temperature values

The ELD allows determining the extrusion parameters
which ensure that produced wires will not be damaged. How-
ever, another parameter that should be considered is a maxi-
mum force needed to conduct the process as each press has
its load capacity. The maximum extrusion force obtained from
FE simulations was plotted in Figure 7. Extrusion at 350°C
requires a press with load capacity of 600 kN, further temper-
ature increase reduces this value to ~500 kN and ~430 kN for
400°C and 450°C, respectively. Moreover, lowering pressing
speed also reduces the maximum extrusion force in each case
and it is explained by the material strain rate sensitivity at
elevated temperatures. Solid line in Fig. 7 indicates the load
capacity of the press used for experimental verification of pre-
sented FE simulation results.

= 650
= B v=025mm/s
8" 600 A v=05mm/s
5 ¢ v=1mm/s
L 550 —Press capacity
\\ O Experimental result
- \\
0 N
400 \
350 \;
300 ‘ )
350 400 450
Initial billet temperature, C

Fig. 7. Numerical prediction of the maximum extrusion force and the
maximum force measured during extrusion conducted at 400°C with
pressing speed 0.25 mm/s

Figure 8 shows the results obtained from FE simulation
with initial billet temperature 400°C and pressing speed 0.25
mm/s. Due to the low ram velocity, temperature rose only
up to 406°C. The maximum values are observed in the billet
volume; therefore, heat generation due to the friction in the die
orifice was negligible. It is important since the heat generation
on billet-die interface is often a main cause of local temper-
ature rise and crack occurrence during extrusion process [9].
Figure 8c shows mean stress field obtained from simulation;
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die orifice is a tensile stress dominated zone which coincides
with the region where the maximum critical deformation oc-
curs. It indicates that tensile stress field observed in the die
orifice during extrusion is responsible for material damage.

A L

(g) ==
Fig. 8. Results of the FE simulation with initial billet temperature

400°C and pressing velocity 0.25 mm/s: (a) temperature; (b) effective
strain rate; (c) mean stress; (d) ductility function

7. Extrusion of wires

The extrusion of wires with diameter of 1 mm from Mg-
Ca08 magnesium alloy was conducted at 400°C with pressing
speed 0.25 mm/s. According to the developed ELD, the select-
ed parameters guarantee that obtained wires will not fracture
during processing. The experiment was realised using the hy-
draulic press with load capacity of 500 kN, which is shown
in Fig. 9. The FE analysis showed that extrusion force does
not exceed the press capacity for the selected parameters. Die
used in the process is shown in Fig. 5, the billet dimensions
were 30 mm diameter and 40 mm length. The graphite grease
was used as a lubricant.

(a) (b) /
Fig. 9. The hydraulic press (a) and the extrusion of twelve wires from
MgCa08 (b)

Twelve wires were obtained by direct extrusion and cracks
were not observed on the wires surface after processing; one
of the produced wires is shown in Fig. 10. The maximum
load during extrusion was measured as 390 kN which gives
the good agreements with FE prediction (405 kN), as shown
in Fig. 7. Tensile test was performed on Instron 4502 testing
machine in order to investigate the wire strength and ductility.
Mechanical properties of the examined wires are: yield stress —



556

151 MPa, ultimate tensile stress — 227 MPa, Young’s modulus
— 19.85 GPa and elongation to failure 19.4% (obtained using
50 mm gauge length).

—

Fig. 10. The wire produced by extrusion process

8. Conclusions

The aim of the present work was to determine the extru-
sion limit diagram (ELD) for MgCa08 biocompatible magne-
sium alloy. FE simulations of 1 mm diameter wires extrusion
with different billet temperatures and pressing speeds were run
in order to identify when the extruded material starts to frac-
ture. Mechanical tests of tension and compression were carried
out in order to obtain reliable input data for simulations. The
developed ductility model takes into account two independent
fracture mechanisms: surface cracking due to exceeding of the
incipient melting temperature and the utilization of material
formability.

It was apparent from the developed ELD that extrusion
can be realised without fracture occurrence at 400°C with the
low pressing speed. Processing with higher velocities requires
temperature increase up to 450°C. It was also predicted that
the extrusion force does not exceed 500 kN as long as the
both conditions are fulfilled: the billet temperature is at least
400°C and the pressing speed is less than 1 mm/s. The direct
extrusion of twelve wires with diameter of 1 mm was suc-
cessfully conducted at 400°C with velocity 0.25 mm/s. The
obtained wires were free from defects, which confirmed the
good agreement between experimental results and numerical
prediction.
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